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ABSTRACT lecular markers within mapping populations (Wendel
and Parks, 1984; Torres et al., 1985; McCouch et al.,Molecular tools have not identified the gene(s) governing apomixis
1988; Paterson et al., 1988, 1991; Saito et al., 1991; Lyt-nor have they been used to successfully transfer the trait to important,

sexually reproducing food crops. Several molecular studies addressing tle, 1991; Schon et al., 1991; Zivy et al., 1992; Causse et
apomixis in grasses have used interspecific and intergeneric hybrids. al., 1994; Chittenden et al., 1994). This loss of specific
The failure to recover specific F1 genotypes from these wide crosses genotypes from the progeny may be due to interactions
can be caused by unfavorable interactions between the gametes, zy- between genes of the two species within gametes, zy-
gote, embryo, endosperm, and/ or maternal tissue. These interactions gote, embryo, endosperm, or maternal tissue (Hadleycan eliminate recombinant genotypes with valuable information to-

and Openshaw, 1980). Differential viability of offspringwards linkage analyses of the trait. Buffelgrass [Pennisetum ciliare
because of allelic interactions has been reported in(L.) Link syn. Cenchrus ciliaris L.], a polymorphic species with inter-
maize (Zea mays L.)-Tripsacum hybrids (Maguire,fertile apomictic and sexual genotypes, offers an opportunity to geneti-

cally map apomixis by means of intraspecific hybrids with euploid 1963), tomato, Lycopersicon esculentum Mill. (Rick,
genomes. This study reports a linkage map of the apospory region in 1966), wheat, Triticum aestivum L. (Manabe et al., 1999),
buffelgrass. Apospory, classified by progeny testing and cytologically and rice, Oryza sativa L. (Sano, 1990; Cheng et al., 1996;
observing megagametophytes, mapped to a single locus in the apomictic Xu et al., 1997; Liu et al., 2001). Because detectable
parent’s genome. Two buffelgrass cDNAs (pPAP3A07 and pPAP8C08) recombination in a mapping population is directly re-and three previously reported apospory markers (UGT197, QH8, and

lated to offspring survival, reports of segregation distor-OPC4) were tightly linked (1.4 centimorgans, cM) to the trait. As a
tion in pearl millet, Pennisetum glaucum (L.) R. Br. (Liutetraploid species (2n � 4x � 36), four copies of each chromosome
et al., 1994) and maize (Helentjaris et al., 1986; Gardinerare expected in buffelgrass. A single homolog and two homeologs

were identified for the chromosome carrying apospory, indicating the et al., 1993) may negatively affect genetic mapping stud-
formation of two bivalents during meiosis and the disomic inheritance ies of apomixis in these species.
of apospory in buffelgrass. Allelic bridges between the parents re- Molecular markers have been associated with apo-
vealed suppressed recombination in the apospory linkage group. Seg- mictic phenotypes in several grass species. One restric-
regation distortion between a marker on the sexual parent’s homolog tion fragment length polymorphism (RFLP) (UGT197)to the apospory linkage group and a marker on a separate maternal

and one random amplified polymorphic DNA (RAPD)linkage group suggested specific allelic combinations in female ga-
(OPC4) were syntenic with apospory in interspecificmetes affect offspring survival in buffelgrass.
Pennisetum hybrids (Ozias-Akins et al., 1993). An alien
addition line (2n � 1 � 29) derived from a cross between

Apomixis, asexual plant reproduction through seeds, tetraploid pearl millet (2n � 4x � 28) and P. squamula-
results from the parthenogenetic development of tum Fresen. (2n � 6x � 54) possessed one P. squamula-

an unreduced egg cell into a viable embryo (Bashaw tum chromosome, suggesting that a single chromosome
and Hanna, 1990). Because apomixis permits the clonal could confer apospory. However, the lack of a homolog
propagation of hybrid genotypes, its transfer to culti- for this chromosome to pair with during meiosis pre-
vated crops is of major interest to plant breeding pro- cluded recombination and made this system unsuitable
grams. Two types of apomixis, apospory and diplospory, for genetic mapping.
occur in grasses. Unreduced embryo sacs arise from Analyses of isozyme, protein, and RAPD markers
somatic nucellar cells in apospory and unreduced arche- did not identify associations with apospory in buffelgrass
sporial cells in diplospory (Asker and Jerling, 1992). (Gustine et al., 1996). This can likely be attributed to

The complete body of apomixis literature is abound the small population size and types of markers used. In
with conflicting reports. This paper focuses on the mo- contrast, a bulked-segregant analysis using RAPDs in
lecular analyses of apomixis in grasses, while deferring two different half-sib buffelgrass populations revealed
the general subject of apomixis to a recent and extensive two markers (M02-680 and J16-800) tightly linked to
review (Savidan, 2000). apospory (Gustine et al., 1997). The two apomictic male

Wide hybridizations, which have been used exten- parents used to develop the populations gave slightly
sively to obtain high polymorphism rates in linkage stud- different results. M02-680 and J16-800 flanked apospory
ies, have often resulted in segregation distortion of mo- in both populations, but at greater distances in the sec-

ond population. Interestingly, UGT197 cosegregated
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behavior of each hybrid was classified correctly, such the Brachiaria and buffelgrass reports of recombination
genotype-dependent differences in recombination are around apospory involved euploid (2n � 4x � 36)
important in map-based analyses of apomixis. hybrids.

Ozias-Akins et al. (1998) identified 12 sequence char- In the case of diplospory, bulked-segregant analysis
acterized amplified regions (SCARs) cosegregating with of maize (2n � 2x � 20) � Tripsacum dactyloides (L.)
apospory in an interspecific population of P. glaucum � L. (2n � 4x � 72) hybrids revealed that three RFLPs
P. squamulatum hybrids. Roche et al. (1999) analyzed (UMC28, CSU68, and UMC62) were loosely linked to
the 12 markers identified by Ozias-Akins et al. (1998) the trait (Leblanc et al., 1995). UMC71 and CDO202
using the two buffelgrass populations developed by Gus- also were loosely linked to the diplospory locus (Grima-
tine et al. (1997). Six of the 12 SCARs were present in nelli et al., 1998a, 1999). These studies associated the
the apomictic buffelgrass parents but absent in the sex- long arm of maize chromosome 6 with diplospory. Kin-
ual parent. Three of the six remaining SCARs showed diger et al. (1996) supported this finding by cytologically
polymorphisms upon RFLP analysis, indicating that demonstrating that apomictic maize � Tripsacum back-
these three SCARs were present in both parental phe- cross hybrids carried a translocation between chromo-
notypes. This suggests that the sexual and apomictic somes 6 of maize and 16 of Tripsacum.
parents contain alternative alleles for these markers. Segregation analyses of molecular markers have indi-
Unfortunately, amplification patterns between parents cated tetrasomic inheritance in apomictic Paspalum sim-
were not given for the three remaining SCARs. The plex Morong (Pupilli et al., 1997), maize–Tripsacum hy-
presence of these markers in both parental types would brids (Grimanelli et al., 1998a), and Pennisetum hybrids
have either strengthened the evidence for allelic coun- (Ozias-Akins et al., 1998). However, chromosome asso-
terparts between apomixis and sexuality or demon- ciations in the genomic region(s) harboring apomixis
strated a lack of linkage between the markers and the and linked markers have not been reported. Both in
apospory gene(s). Their presence in both parental types, situ hybridization and genome mapping studies could
along with a lack of RFLP polymorphism, would suggest provide definitive evidence regarding this subject.
penetrance effects might occur between apomictic and Non-Mendelian transmission of apomixis-linked mo-
sexual genotypes. The absence of these markers from lecular markers has been reported in maize–Tripsacum
both parental types would have indicated differences hybrids (Grimanelli et al., 1998b) and Pennisetum hy-
between the genomic regions controlling apospory in brids (Roche et al., 2001). These findings support models
buffelgrass and P. squamulatum. Five of the six poly- that explain the close association between apomixis andmorphic SCARs, as well as the three having RFLP poly- polyploidy in which apomixis alleles are eliminatedmorphisms, cosegregated with apospory. However, one when transmitted through haploid gametes. However,apomictic buffelgrass plant lacked SCAR X18R. This the gene(s) involved in this system were not identified.SCAR revealed different amplification products be- Both studies involved wide hybridizations, which havetween buffelgrass and P. squamulatum, further sug-

been shown to result in chromosome rearrangementsgesting genomic divergence between the two species.
and selection against paternally inherited alleles (SongRoche et al. (1999) were unable to confirm the recombi-
et al., 1995). Genomic incompatibilities between pater-nation between UGT197 and the apospory locus that
nal nuclear and maternal cytoplasmic elements couldwas reported by Gustine et al. (1997). However, only
cause the observed distortion autonomously. Segrega-38 of the 53 hybrids from the relevant population were
tion distortion through female gametophytes has beenincluded. The recombinant plant could have been omit-
reported in interspecific Triticum hybrids, a strictly sex-ted from this already critically small population. The
ual species (Manabe et al., 1999).lack of recombination between UGT197 and the apos-

Considering that recombination and flanking markerspory locus was confirmed in 46 of the 62 hybrids from
were found near the apospory locus in both buffelgrassthe second buffelgrass population reported by Gustine
and Brachiaria, it is possible that recombinants near theet al. (1997). The RAPDs showing recombination near
apomixis locus may only be recovered in intraspecificapospory in this population were not analyzed, and the
hybrids. Once recombination can be detected in therecombinant plant may have also been omitted from
region of interest, larger population sizes can increasethis partial population. Thus, the question regarding
the resolution of linkage analyses. This study character-recombination near the apospory locus in buffelgrass
izes the genomic region controlling apospory in buffel-remains unanswered.
grass through genome mapping.Evidence supporting Gustine’s et al. (1997) findings

was reported in Brachiaria. A bulked-segregant analysis
of RFLPs and RAPDs in Brachiaria ruziziensis R. Germ. MATERIALS AND METHODS
R. C. Evrard (2n � 4x � 36) � Brachiaria brizantha

Plant Material(Hochst. Ex A. Rich.) Stapf (2n � 4x � 36) hybrids
revealed recombination around the apospory locus (Pes- Our mapping population consisted of 86 full-sib buffelgrass
sino et al., 1997). OPC4 and several RFLPs were loosely hybrids, derived from crossing a heterozygous, highly sexual
linked to the trait, and comparative mapping suggested plant (90C48507) with a heterozygous, highly apomictic plant
homology to maize chromosome 5. Two amplified frag- (PI 409164) (Wang, 1996). Meiosis was normal in buffelgrass
ment length polymorphisms (AFLPs), PAM525 and pollen mother cells, allowing apomictic plants to serve as pa-
PAM4913, were subsequently found to be tightly linked ternal sources in hybrid crosses. The pedigree of the hybrids

is shown in Fig. 1.to apospory in Brachiaria (Pessino et al., 1998). Both
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Fig. 1. Pedigree of the buffelgrass mapping population. The parental lines (90C48507 and PI 409164) differed in many traits, including inflorescence
type (birdwoodgrass vs. buffelgrass), rhizomes (absence vs. presence), and method of reproduction (sexual vs. apomictic).

ploids, each polymorphic band was treated as a locus withAnalysis of Molecular Markers
dominant gene action. Individual bands present in one parent

Genomic DNA extraction was adapted from the protocol and absent in the other parent were scored for presence or
of Causse et al. (1994). Ten micrograms of buffelgrass genomic absence in the progeny. A �2 test was used to identify single
DNA was digested with EcoRI, HindIII, or XbaI, according to dose restriction fragments (SDRFs) by their 1:1 segregation
the manufacturer’s instructions. Southern blotting, radioactive ratio at a significance level of 1% (Wu et al., 1992). A nonsig-
labeling, and autoradiography were as described in Chittenden nificant test indicated that a given band was an SDRF and
et al. (1994). could be considered in the linkage analysis.

A cDNA library constructed from pistils of an apomictic Since an SDRF only reveals recombination in the gametes of
buffelgrass plant selected from the full-sib population was one parent, each parent’s respective SDRFs were analyzed in-
developed with the Stratagene “ZAP-cDNA Synthesis Kit.” dependently by means of Mapmaker 3.0 (Lander et al., 1987).
Bacterial clones from the library were obtained by en masse SDRFs were treated as backcross data. A LOD score of 4.0 and
phagemid excision, followed by two cycles of selection for recombination fraction of 0.30 was set as the linkage threshold.recombinant clones on ampicillin plates containing X-gal Map units, in centimorgans, were derived by the Kosambi(5-bromo-4-chloro-3-indoxyl-beta-d-galactopyranoside) and (1944) function. Maximum likelihood orders of markers wereIPTG (isopropyl-�-d-thiogalactoside) (Sambrook et al., 1989). verified by the “ripple” function, with those at LOD � 2.0Inserts were amplified by polymerase chain reaction (PCR) being placed on the framework map and all others added atfrom bacterial lysate (McCabe, 1990), and an aliquot of the the most likely interval between framework markers.products was electrophoresed in 1% (w/v) agarose. Clones Linkage groups were checked for markers linked in repul-that gave multiple products were discarded. Sephadex G50 sion to distinguish between random and preferential chromo-(Sigma) spun mini-columns were used to separate PCR prod-

some pairing. To detect repulsion-phase linkages, two-pointucts from excess reaction components (Sambrook et al., 1989).
linkage analyses were performed with SDRF scores in bothDot blots with 20 ng of DNA from each probe were hybridized
inverted and noninverted allele states. Pairs of SDRFs forwith leaf cDNA to identify and eliminate repetitive elements.
which the presence of an inverted score (absence when nonin-A total of 443 suitable probes were designated “pPAP,” for
verted) was linked to presence of a noninverted score werePlasmid-Pennisetum-Apomictic-Pistil.
counted as being linked in repulsion.In addition, heterologous DNA probes from several sources

Allelic bridges were used to identify and orient analogouswere surveyed: 21 barley cDNAs (BCD), 32 bermudagrass
linkage groups in the paternal and maternal maps (Ritter etgDNAs (pCD), 37 johnsongrass cDNAs (pSHR), 250 maize
al., 1991). Such probes detect an SDRF unique to each parentcDNAs (CSU), 28 maize gDNAs (BNL and UMC), 52 pearl
and a fragment in common to both parents.millet gDNAs (M, UGT, QH, and OPC), 105 rice cDNAs (C

Segregation distortion was analyzed between each mappedand RZ), 88 rice gDNAs (G, L, RG, V, and Y), 29 sorghum
SDRF and all other mapped SDRFs, excluding those on thecDNAs (HHU), 148 sorghum gDNAs (pSB and SHO), 29
same linkage group and its homolog. Deviations from thesugarcane cDNAs (CDSB, CDSC, and CDSR), and 46 oat
expected 1:1:1:1 ratio were considered significant at a LOD �cDNAs (CDO). Probes were generously provided by: A. Pat-
4.0. Analyses of each class would identify which allelic combi-erson (pCD, pSHR, pSB, and SHO), S. Tanksley, M. Sorrells,
nation occurred in excess.and S. McCouch (BCD, RZ, RG, and CDO), P. Moore

(CDSB, CDSC, and CDSR), T. Sasaki and Y. Nagamura (G,
L, V, and Y), P. Westhoff (HHU), M. Gale (M), and P. Ozias- Phenotypic Classification for Method
Akins (UGT, QH, and OPC). of ReproductionProbes revealing polymorphism between the parents on

The reproductive behavior of the F1 hybrids was determinedsurvey blots were hybridized to the mapping filters. Because
both parental buffelgrass lines were highly heterozygous tetra- by two methods. The first method involved microscopically ob-
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serving megagametophytes in cleared, mature pistils (Young plant may have had penetrance–expressivity effects. The
et al., 1979). Twenty to 50 mature gametophytes from each error detection function in MAPMAKER adjusted for
hybrid were classified independently by Drs. E.C. Bashaw and this plant upon linkage analysis with apospory. The
B.L. Burson. Second, a field progeny test of the hybrids was apospory linkage group was in repulsion to a single
conducted to confirm method of reproduction. A clonal ramet homolog (7a). Two duplicated loci (pPAP3A07 andand 20 progeny of each hybrid were transplanted into a space-

pPAP8H05) identified the two homeologs (8a and 8b)planted nursery on 1-m centers. Once the nursery was flow-
that were expected in the tetraploid genome of buffel-ering, three observers independently classified the hybrids and
grass, and they were also in repulsion with one another.progeny rows. Hybrids with morphologically uniform progeny

were scored as apomictic. Hybrids with progeny exhibiting
partial uniformity and a degree of variability were classified Suppressed Recombination
as facultative apomicts, and hybrids with completely variable

An allelic bridge defined by heterologous markersprogeny were scored as sexual. A consensus of cytological
HHU27 and M466 identified the homolog to the apo-and progeny testing data was used for the final classification
mixis linkage group (7b) in the sexual parent’s map (Fig.of each hybrid for method of reproduction.
2). As in the apomictic parent’s map, a single homolog
(7a) and two homeologs (8a and 8b) were found inLinkage Analyses of Apospory
the sexual parent’s map. However, significantly greater

Contingency tests were performed to identify marker asso- recombination occurred between HHU27 and M466 in
ciations to the facultative mode of reproduction. Hybrids with 7b of the sexual parent’s map (15.8 cM) than in 7b of
any apomictic reproductive capacity (i.e., those scored as apo- the apomictic parent’s map (2.1 cM).mictic or facultative) were placed into a single class. All sexual
hybrids were placed into a second class. These two reproduc-

Allelic Interactionstive classes were tested for a 1:1 segregation ratio, at a signifi-
cance level of 1%, by a �2 test with SAS version 6.0 (SAS While absent from the apomictic parent’s map, segre-
Institute, 1989). If a 1:1 ratio was confirmed, method of repro- gation distortion was detected in the sexual parent’sduction would be treated as an SDRF and analyzed for linkage

map (Fig. 2). pPAP10E03e on linkage group 2a andrelationships to markers using Mapmaker 3.0 (Lander et al.,
CSU781c on linkage group 7b deviated significantly1987).
from the expected 1:1:1:1 (A/B: A/�: �/B: �/�) segre-
gation ratio for markers on independent chromosomes

RESULTS (Table 1). The allelic heterozygote class pPAP10E03e/�
was transmitted in excess to the progeny. Both homozy-Genetic Mapping of Apospory
gote classes were transmitted less than expected, and the

The mapping population consisted of 38 sexual, 34 �/CSU781c class was transmitted near predicted levels.
apomictic, and 14 facultative apomictic hybrids. Contin-
gency tests failed to identify any markers associated with DISCUSSIONthe facultative class. However, method of reproduction
(obligate and facultative apomicts combined) did not This study provides supporting evidence for three

established tenets concerning apomixis in grasses: (i) adeviate from the 1:1 segregation ratio expected for
SDRFs (�2 � 0.58, �2

1, 0.01 � 6.63) and was included in single genomic region exerts major influence upon the
trait; (ii) suppressed recombination occurs in this region;the linkage analyses.

Linkage maps of each parent’s genome were con- and (iii) this region is transmitted to progeny in a non-
Mendelian fashion. The use of an established genomestructed (data not shown). Associations were found for

apospory, which mapped to a single linkage group (7b) map also revealed new information regarding the genet-
ics of this complex trait.in the apomictic parent’s map and was absent in the

sexual parent’s map (Fig. 2). Two buffelgrass probes To our knowledge, this is the first molecular report
of disomic inheritance for apospory. This finding has(pPAP3A07 and pPAP8C08), as well as three previously

identified markers (UGT197, QH8, and OPC4), were direct implications on buffelgrass breeding programs,
because smaller effective population sizes can be usedtightly linked to the trait. These markers maintained

identical associations upon autoradiography of two ad- to produce desirable genotypes. It also suggests that the
gene(s) controlling apomixis have diploid origin(s), withditional Southern blots. Interestingly, two cDNAs (Pca2

and Pca3) previously associated with apospory in apospory mapping to a distinct subgenome in buffel-
grass. Even though expression is quite low, reports ofbuffelgrass by differential display (Vielle-Calzada et al.,

1996) remained unlinked in both parents’ maps. How- apomixis in diploid Sorghum bicolor (L.) Moench (Rao
and Narayana, 1968; Elkonin et al., 1995) and Brachiariaever, a single cDNA (Pcs4) associated with sexuality in

the earlier study mapped to 7b in the sexual parent’s decumbens (Stapf) R. D. Webster (Naumova et al.,
1999) also suggest the presence of apomixis gene(s) inmap. One plant scored as apomictic possessed none of

the apomixis-linked markers. Field notes indicated this diploid genomes. These findings indicate potential to
clone the apomixis gene(s) from bacterial artificial chro-plant may have been a mixture, and it was subsequently

removed from the analyses. Another plant scored as mosome (BAC) libraries of the relatively small genomes
in these species. By providing markers that are specificsexual contained all of the apomixis-linked markers.

Additional cytological testing was conducted on this to the apomixis linkage group and flank the apospory
locus, the buffelgrass genome map would streamlinehybrid. Of 118 mature megagametophytes observed,

none had aposporous development. Interestingly, an contig formation in such studies.
Detection of a defined linkage group with markersembryo sac failed to develop in 14 of the pistils. This
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Fig. 2. Paternal (solid line) and maternal (hollow line) RFLP maps of buffelgrass. Markers and map distances (Kosambi) are shown to the right
and left of horizontal lines, respectively. Probes are denoted as follows: buffelgrass cDNAs (pPAP, Pca, and Pcs), sorghum cDNAs (HHU),
sorghum gDNAs (pSB and SHO), barley cDNAs (BCD), bermudagrass gDNAs (pCD), johnsongrass cDNAs (pSHR), maize cDNAs (CSU),
maize gDNAs (BNL and UMC), pearl millet gDNAs (M, UGT, QH, and OPC), rice cDNAs (C and RZ), rice gDNAs (G, L, RG, V, and
Y), sugarcane cDNAs (CDSB, CDSC, and CDSR), and oat cDNAs (CDO). Markers followed by a, b, c, etc. correspond to probes detecting
polymorphisms at multiple loci on the maps. Linkage group names with a or b indicate homologous (disomic) chromosome pairs. Allelic
bridge loci between the maps are in bold with brackets, and markers with allelic interactions are italicized in boxes.

tightly linked to apospory in our population supports apomixis in grasses. Seven markers aligned the apospory
previous reports of recombination near the trait in linkage group in Brachiaria to chromosome 5 of maize
buffelgrass (Gustine et al., 1997) and Brachiaria (Pes- (Pessino et al., 1998), and one marker (CSU134) aligned
sino et al., 1997). Because OPC4 is syntenic with apos- it to linkage group C of sorghum (Lin et al., 1995).
pory in Pennisetum squamulatum (Ozias-Akins et al., HHU27 from our study mapped to sorghum linkage
1998), closely linked to apospory (1.4 cM) in buffelgrass, group D (Wyrich et al., 1998), which has homology to
and loosely linked to apospory (19 cM) in Brachiaria chromosomes 2 and 10 of maize (Paterson et al., 1995).
(Pessino et al., 1998), gene conservation in this region Five markers aligned the diplospory linkage group in
is a possibility. However, comparative mapping of pub- Tripsacum to the long arm of chromosome 6 in maize
lished linkage maps reveals a more complex evolution of (Grimanelli et al., 1998a), which has homology to sor-

ghum linkage groups G and I (Wyrich et al., 1998). With
Table 1. Transmission distortion of pPAP10E03e/CSU781c al- different maize and sorghum chromosomes implicatedlelic combinations in the sexual parent’s map.†

in each of these maps, it appears apomixis may have
A/B A/� �/B �/� evolved independently at least three times in grasses.

Expected (n � 86): 21.5 21.5 21.5 21.5 However, the limited number of available comparative
Observed: 8 40 25 13 markers makes this conclusion tentative. More detailed
† �2 � 28.33, P � 0.0001 maps are needed for comparative analyses to reveal the
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evolutionary relationships of apospory and diplospory Results from this study demonstrate that buffelgrass
is a desirable organism to use for genetic linkage studieswithin grasses.
of apospory. Our buffelgrass genome map is a usefulAs was determined in this study, there is additional
tool for map-based cloning and marker-assisted breed-molecular evidence that segregation distortion can be
ing programs involving this important reproductive trait.limited to female gametophytes (Manabe et al., 1999).
Identification of the gene(s) conferring apomixis, as wellRelative to apomixis, a high transmission of a single
as its modifiers, will be necessary before functional apo-Tripsacum chromosome through eggs of 2n � 1 � 21
mixis can be successfully transferred into major cropmaize-Tripsacum aneuploids also has been reported
species. With the rapid development of molecular tech-(Maguire, 1963). Our findings reveal that allelic interac-
nologies, identifying such genetic intricacies of apomixistions within female gametophytes affect offspring sur-
is a realistic goal.vival in sexual by apomictic buffelgrass crosses. Specifi-

cally, the pPAP10E03e/� heterozygote is favored over
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notatum Flügge suggests that increased allele dosage Causse, M., T.M. Fulton, Y.G. Cho, S. Ahn, J. Chunwongse, K.S. Wu,

J.H. Xiao, P.C. Ronald, S.E. Harrington, G. Second, S.R. McCouch,may be sufficient to induce the expression of apomixis
and S.D. Tanksley. 1994. Saturated molecular map of the rice(Quarin et al., 2001). As an alternative to imprinting and genome based on an interspecific backcross population. Genet-

allele dosage requirements, directional genome changes ics 138:1251–1274.
associated with polyploidization (Song et al., 1995) were Cheng, R., A. Saito, Y. Takano, and Y. Ukai. 1996. Estimation of

the position and effect of a lethal factor locus on a molecularevident between the parents. pPAP10E03 mapped to
marker linkage map. Theor. Appl. Genet. 93:494–502.2a in both parental maps; however, CSU781 mapped to

Chittenden, L.M., K.F. Schertz, Y.-R. Lin, R.A. Wing, and A.H. Pater-
7b in the sexual parent and homeolog 8b in the apomic- son. 1994. A detailed RFLP map of Sorghum bicolor X S. propin-
tic parent. The duplication of pPAP8C08h 21.7 cM be- quum, suitable for high-density mapping, suggests ancestral dupli-

cation of Sorghum chromosomes or chromosomal segments. Theor.low pPAP8C08j further suggests that a genome rear-
Appl. Genet. 87:925–933.rangement has occurred in 7b of the apomictic parent

Elkonin, L.A., N.Kh. Enaleeva, M.I. Tsvetova, E.V. Belyaeva, and(Fig. 2). It is therefore possible that the chromosome A.G. Ishin. 1995. Partially fertile line with apospory obtained from
region containing CSU781 must be removed (deleted tissue culture of male sterile plant of sorghum (Sorghum bicolor

L. Moench). Ann. Bot. (London) 76:359–364.or translocated) from 7b for apospory to be functional,
Garcia, R., M.J. Asins, J. Forner, and E.A. Carbonell. 1999. Geneticand the alleles CSU781c and pPAP10E03e have partial

analysis of apomixis in Citrus and Poncirus by molecular markers.lethality. Our findings agree with the hypothesis of an Theor. Appl. Genet. 99:511–518.
incompletely penetrant, trans-active system (Grimanelli Gardiner, J.M., E.H. Coe, S. Melia-Hancock, D.A. Hoisington, and
et al., 1998b), and they indicate that the (hypothetical) S. Chao. 1993. Development of a core RFLP map in maize using

an immortalized F2 population. Genetics 134:917–930.lethal factor acts only through maternal gametes. The
Grimanelli, D., M. Hernandez, E. Perotti, and Y. Savidan. 1997. Dos-molecular markers associated with this mechanism can

age effects in the endosperm of diplosporous apomictic Tripsacum
be used in future studies to select for the favored hetero- (Poaceae). Sex. Plant Reprod. 10:279–282.
zygote and against the lethal genotypes, increasing the Grimanelli, D., O. Leblanc, E. Espinosa, E. Perotti, D. Gonzalez de

Leon, and Y. Savidan. 1998a. Mapping diplosporous apomixis inprobability of obtaining apomictic diploids in breeding
tetraploid Tripsacum: One gene or several genes. Heredity 80:33–programs. With the segregation distortion from this al-
39.lelic interaction being incompletely penetrant, possible Grimanelli, D., O. Leblanc, E. Espinosa, E. Perotti, D. Gonzalez

effects from the entire genetic background and/or the De Leon, and Y. Savidan. 1998b. Non-Mendelian transmission of
apomixis in maize-Tripsacum hybrids caused by a transmissionenvironment cannot be dismissed.
ratio distortion. Heredity 80:40–47.The presence of exceptional genotypes in this and

Grimanelli, D., P. Ozias-Akins, J. Tohme, and D. Gonzalez de Leon.other studies (Ozias-Akins et al., 1993, 1998; Gustine 1999. Molecular genetics in apomixis research. (in press) In Y.
et al., 1997; Roche et al., 1999) suggests that additional Savidan et al. (ed.) Advances in apomixis research. CIMMYT &

IRD, Mexico.gene(s) may modify the expressivity–penetrance of
Gustine, D.L., R.T. Sherwood, Y. Gounaris, and D. Huff. 1996. Iso-apospory. Genetic factors that modify the time of initia-

zyme, protein, and RAPD markers within a half-sib family oftion, spatial location, and developmental progression of buffelgrass segregating for apospory. Crop. Sci. 36:723–727.
apomixis have recently been discovered (Koltunow et Gustine, D.L., R.T. Sherwood, and D.R. Huff. 1997. Apospory-linked

molecular markers in buffelgrass. Crop. Sci. 37:947–951.al., 2000). With molecular reports of independent loci
Hadley, H.H., and S.J. Openshaw. 1980. Interspecific and intergenericcontrolling parthenogenesis and diplospory (Noyes and

hybridization. p. 133–159. In W.R. Fehr and H.H. Hadley (ed.)Rieseberg, 2000), as well as six QTLs influencing nucel- Hybridization of crop plants. ASA, Madison, WI.
lar embryony (Garcia et al., 1999), it is likely that modifi- Helentjaris, T., M. Slocum, S. Wright, A. Schaefer, and J. Nienhuis.

1986. Construction of genetic linkage maps in maize and tomatoers affect the expression of apomixis in many plants.



1694 CROP SCIENCE, VOL. 42, SEPTEMBER–OCTOBER 2002

using restriction fragment length polyorphisms. Theor. Appl. Genet. Quarin, C.L. 1999. Effect of pollen source and pollen ploidy on endo-
sperm formation and seed set in pseudogamous apomictic Pas-72:761–769.

Kindiger, B., D. Bai, and V. Sokolov. 1996. Assignment of a gene(s) palum notatum. Sex. Plant Reprod. 11:331–335.
Quarin, C.L., F. Espinoza, E.J. Martinez, S.C. Pessino, and O.A. Bovo.conferring apomixis in Tripsacum to a chromosome arm: Cytological

and molecular evidence. Genome 39:1133–1141. 2001. A rise of ploidy level induces the expression of apomixis in
Paspalum notatum. Sex. Plant Reprod. 13:243–249.Koltunow, A.M., S.D. Johnson, and R.A. Bicknell. 2000. Apomixis is

not developmentally conserved in related, genetically characterized Rao, N.G.P., and L.L. Narayana. 1968. Apomixis in grain sorghum.
Indian J. Genet. Plant Breed. 28:121–127.Heiracium plants of varying ploidy. Sex. Plant Reprod. 12:253–266.

Kosambi, D.D. 1944. The estimation of map distances from recombina- Rick, C.M. 1966. Abortion of male and female gametes in the tomato
determined by allelic interaction. Genetics 53:85–96.tion values. Ann. Eugen. 12:172–175.

Lander, E.S., P. Green, J. Abrahamson, A. Barlow, M.J. Daly, S.E. Ritter, E., T. Debener, A. Barone, F. Salamini, and C. Gebhardt. 1991.
RFLP mapping on potato chromosomes of two genes controllingLincoln, and L. Newburg. 1987. MAPMAKER: An interactive com-

puter package for constructing primary genetic linkage maps of experi- extreme resistance to potato virus X (PVX). Mol. Gen. Genet.
227:81–85.mental and natural populations. Genomics 1:174–181.

Leblanc, O., D. Grimanelli, D. Gonzalez-de-Leon, and Y. Savidan. 1995. Roche, D., P. Cong, Z. Chen, W.W. Hanna, D.L. Gustine, R.T. Sher-
wood, and P. Ozias-Akins. 1999. An apospory-specific genomicDetection of the apomictic mode of reproduction in maize-Tripsa-

cum hybrids using maize RFLP markers. Theor. Appl. Genet. 90: region is conserved between buffelgrass (Cenchrus ciliaris L.) and
Pennisetum squamulatum Fresen. Plant J. 19(2):203–208.1198–1203.

Lin, Y.-R., K.F. Schertz, and A.H. Paterson. 1995. Comparative analy- Roche, D., Z. Chen, W.W. Hanna, and P. Ozias-Akins. 2001. Non-
Mendelian transmission of an apospory-specific genomic region in asis of QTLs affecting plant height and maturity across the Poaceae,

in reference to an interspecific sorghum population. Genetics 141: reciprocal cross between sexual pearl millet (Pennisetum glaucum )
and an apomictic F1 (P. glaucum � P. squamulatum ). Sex. Plant391–411.

Liu, C.J., J.R. Witcombe, T.S. Pittaway, M. Nash, C.T. Hash, C.S. Reprod. 13:217–223.
Saito, A., E. Shimosaka, Y. Hayano, K. Saito, S. Matuura, and M.Busso, and M.D. Gale. 1994. An RFLP-based genetic map of pearl

millet (Pennisetum glaucum ). Theor. Appl. Genet. 89:481–487. Yano. 1991. Molecular mapping on chromosome 3 of rice. Jpn. J.
Breed. 41 [Suppl. 1]:158–159.Liu, Y.S., L.H. Zhu, J.S. Sun, and Y. Chen. 2001. Mapping QTLs for

defective female gametophyte development in an inter-subspecific Sambrook, J., E.F. Fritsch, and T. Maniatis. 1989. Molecular cloning:
A laboratory manual, 2nd ed. Cold Spring Harbor Laboratory,cross in Oryza sativa L. Theor. Appl. Genet. 102:1243–1251.

Lyttle, T.W. 1991. Segregation distorters. Annu. Rev. Genet. 25:511–557. Cold Spring Harbor, NY.
Sano, Y. 1990. The genetic nature of gamete eliminator in rice. Genet-Maguire, M.P. 1963. High transmission frequency of a Tripsacum

chromosome in corn. Genetics 48:1185–1194. ics 125:183–191.
SAS Institute Inc. 1989. SAS/ STAT user’s guide. 6th ed. SAS InstituteManabe, M., T. Ino, M. Kasaya, S. Takumi, N. Mori, I. Ohtsuka,

and C. Nakamura. 1999. Segregation distortion through female Inc., Cary, NC.
Savidan, Y. 2000. Apomixis: Genetics and breeding. Plant Breed.gametophytes in interspecific hybrids of tetraploid wheat as re-

vealed by RAPD analysis. Hereditas 131:47–53. Rev. 18:13–86.
Schon C.G., P.M. Hayes, T.K. Blake, and S.J. Knapp. 1991. Gameto-McCouch, S.R., G. Kochert, Z.H. Yu, Z.Y. Wang, G.S. Khush, W.R.

Coffman, and S.D. Tanksley. 1988. Molecular mapping of rice phytic selection in a winter spring barley cross. Genome 34:918–922.
Song, K., P. Lu, K. Tang, and T.C. Osborn. 1995. Rapid genomechromosomes. Theor. Appl. Genet. 76:815–829.

Naumova, T.N., M.D. Hayward, and M. Wagenvoort. 1999. Apomixis change in synthetic polyploids of Brassica and its implications for
polyploid evolution. Proc. Natl. Acad. Sci. (USA) 92:7719–7723.and sexuality in diploid and tetraploid accessions of Brachiaria

decumbens. Sex. Plant Reprod. 12:43–52. Torres, A.M., T. Mau-Lastovicka, T.E. Williams, and R.K. Soost.
1985. Segregation distortion and linkage of Citrus and PoncirusNoyes, R.D., and L.H. Rieseberg. 2000. Two independent loci control

agamospermy (apomixis) in the triploid flowering plant Erigeron isozyme genes. J. Hered. 76:289–294.
Vielle-Calzada, J.Ph., M.L. Nuccio, M.A. Budiman, T.L. Thomas, B.L.annuus. Genetics 155:379–390.

Ozias-Akins, P., E.L. Lubbers, W.W. Hanna, and J.W. McNay. 1993. Burson, M.A. Hussey, and R.A. Wing. 1996. Comparative gene
expression in sexual and apomictic ovaries of Pennisetum ciliareTransmission of the apomictic mode of reproduction in Pennisetum:

Co-inheritance of the trait and molecular markers. Theor. Appl. (L.) Link. Plant Mol. Biol. 32:1085–1092.
Wang, Y.-W. 1996. Fitness of full-sib apomictic and sexual progenyGenet. 85:632–638.

Ozias-Akins, P., D. Roche, and W.W. Hanna. 1998. Tight clustering of buffelgrass. Ph. D. dissertation, Texas A&M University, College
Station, TX.and hemizygosity of apomixis-linked molecular markers in Penni-

setum squamulatum implies genetic control of apospory by a diver- Wendel, J.F., and C.R. Parks. 1984. Distorted segregation and linkage
of alcohol dehydrogenase genes in Camellia japonica (Theaceae).gent locus that may have no allelic form in sexual genotypes. Proc.

Natl. Acad. Sci. (USA) 95:5127–5132. Biochem. Genet. 22:739–748.
Wu, K.K., W. Burnquist, M.E. Sorrells, T.L. Tew, P.H. Moore, andPaterson, A.H., E.S. Lander, J.D. Hewitt, S. Peterson, S.E. Lincoln,

and S.D. Tanksley. 1988. Resolution of quantitative traits into S.D. Tanksley. 1992. The detection and estimation of linkage in
polyploids using single-dose restriction fragments. Theor. Appl.Mendelian factors by using a complete linkage map of restriction

fragment length polymorphisms. Nature 335:721–726. Genet. 83:294–300.
Wyrich, R., U. Dressen, S. Brockmann, M. Streubel, C. Chang, D.Paterson, A.H., S. Damon, J.D. Hewitt, D. Zamir, H.D. Rabinowitch,

S.E. Lincoln, E.S. Lander, and S.D. Tanksley. 1991. Mendelian Qiang, A.H. Paterson, and P. Westhoff. 1998. The molecular basis
of C4 photosynthesis in sorghum: Isolation, characterization andfactors underlying quantitative traits in tomato: Comparison across

species, generations, and environments. Genetics 127:181–197. RFLP mapping of mesophyll- and bundle-sheath-specific cDNAs
obtained by differential screening. Plant Mol. Biol. 37:319–335.Paterson, A.H., Y.R. Lin, Z. Li, K.F. Schertz, J.F. Doebley, S.R.M.

Pinson, S.C. Liu, J.W. Stansel, and J.E. Irvine. 1995. Convergent Xu, Y., L. Zhu, J. Xiao, N. Huang, and S.R. McCouch. 1997. Chromo-
somal regions associated with segregation distortion of moleculardomestication of cereal crops by independent mutations at corre-

sponding genetic loci. Science 269:1714–1718. markers in F2, backcross, doubled haploid, and recombinant inbred
populations in rice (Oryza sativa L.). Mol. Gen. Genet. 253:535–Pessino, S.C., J.P.A. Ortiz, O. Leblanc, C.B. do Valle, C. Evans,

and M.D. Hayward. 1997. Identification of a maize linkage group 545.
Young, B.A., R.T. Sherwood, and E.C. Bashaw. 1979. Cleared-pistilrelated to apomixis in Brachiaria. Theor. Appl. Genet. 94:439–444.

Pessino, S.C., C. Evans, J.P.A. Ortiz, I. Armstead, C.B. do Valle, and and thick-sectioning techinques for detecting aposporous apomixis
in grasses. Can. J. Bot. 57:1668–1672.M.D. Hayward. 1998. A genetic map of the apospory-region in

Brachiaria hybrids: Identification of two markers closely associated Zivy, M., P. Devaux, J. Blaisonneaux, R. Jean, and H. Thiellement.
1992. Segregation distortion and linkage studies in microspore-with the trait. Hereditas 128:153–158.

Pupilli, F., M.E. Caceres, C.L. Quarin, and S. Arcioni. 1997. Segrega- derived double haploid lines of Hordeum vulgare L. Theor. Appl.
Genet. 83:919–924.tion analysis of RFLP markers reveals a tetrasomic inheritance in

apomictic Paspalum simplex. Genome 40:822–828.


